The spot welded thin steel sheets specimens are experimentally and numerically examined in this paper. The two specimens are joined using Resistance Spot Welding (RSW) method. The spot-welded joints consist of three zones with different material properties. Change of material properties during the welding process is caused by mechanical and thermal loading. The mechanical properties of thin steel sheets are determined by several tension tests. The specimens are cut in three different directions regarding a rolling direction of the basic material plate. Shear resistance of the spot welded joints is experimentally examined on the universal testing machine by displacement-controlled tensile loading tests. The numerical analysis is performed by large-strain plasticity theory implemented into a Finite Element Method based software. Comparison of the Finite Element (FE) modeling and experimental results verifies the proposed stress integration algorithm and modeling technique as powerful tools for prediction of the spot-welded joint behavior.
INTRODUCTION
Spot-welded (SW) joints are widely used in steel sheet welding, especially in the automotive industry [1] . It is essential to simulate the behavior of the SW joints because of the significant influence on construction integrity. The factors which influence the joints behavior are mechanical properties of the basic material, joint geometry, properties of different welded zones, steel sheet thickness, procedures and parameters of welding.
Various experimental [2] and numerical procedures [3] for the prediction of the behavior of various types of SW joints were developed. Several simplified finite element (FE) models with different mesh refinements were used for modeling of SW joints in [4] . The evaluation of their performance showed that the proposed models have good agreement with experimental results. In [5] , the influences of the heat-affected zone (HAZ) on the welded joints behavior were recognized as very significant. The initial stress field in welded specimens was numerically analyzed in [6] using the three-point bending test. The decrease of stress levels is captured ahead of the crack tip. The stress field was determined by the crack position. Properties of different weld zones of SW joints are considered in [7] . The numerical modeling, indentation and hardness test were used to discover the hardening parameters of the weld base zone, HAZ region and nugget zone. Simulated stressstrain results for primary material were compared with the experimental tensile loading tests. In [8] , the primary material of steel sheets is modeled by shell elements, contact elements by gap elements and SW joints by beam elements.
In this paper, the mechanical properties of thin steel sheets are determined using several strained specimens cut in three different directions regarding a rolling direction. Determined properties are tensile strength, yield stress, Young modulus, and hardening factors. Welding of specimens is done using the recommended parameters of the diameter of the electrode contact surface, the electric current of welding, the welding time and the electrode forces. Optimal welding parameters are chosen after the visual control of defects (inclusions, porous) and mechanical and metallographic testing of the welded joints. Experimental results are compared with the results obtained by FE modeling of SW joints. The 3D elements with incompatible modes are used with the determined material parameters in different material zones. Largestrain plasticity model implemented in Finite Element Method (FEM) based PAK software for structural analysis [9] was used for numerical simulation. The obtained results verify good functionality of the proposed large-strain algorithm for the suggested FE model of SW joints.
RESISTANCE SPOT WELDING (RSW)
SW is a sort of electrical resistance welding. The amount of released heat in the conducting wire during the welding time, necessary for the welding process, can be calculated as [10] :
where the utility factor is k, the electric current of welding is i, the electrical resistance is R and the elapsed time is t. The utility factor k defines the amount of effective energy spent during the welding process.
The RSW parameters are diameter of the electrode contact surface d e , electric current of welding I w , welding time t w , and electrode force F w . There is an experimental recommendation for the best adjusting of those parameters [11] . After the initial set of parameters, additional fine corrections are considered depending on the results of uniaxial tension tests on the universal testing machine (Fig.  1) . Maximum breakout force of a joint, core diameter, macro-and micro-structure and hardness of welded joint are taken as the control criteria. Since the thickness of the steel sheets in those experiments is s = 0,8 mm, adopted parameters are given in Tab. 1.
MECHANICAL CHARACTERISTICS
A quality of a SW joint depends on the characteristics of the base material (BM) such as strength, hardness, level of cold processing, and surface conditions. The uniaxial tensile tests are done with the experimental specimens ( The specimens are cut from the steel sheet stock in three directions: in the direction of sheet rolling (0°), under 45° to the direction of sheet rolling, under 90° to the direction of sheet rolling. The reason for those experiments is standard checking of unequal properties (anisotropy) in different orientation angles [12] . The anisotropy is taken into consideration using the average value of the property:
The measured properties and the average results are given in Tab. 3. The most proper analytical approximations [13] for hardening functions for soft steels and aluminum alloys are: m , where , , where (1 ); ,
where K is the deformation resistance, R m is the ultimate strength, R p is the yield strength, n is the hardening coefficient and φ is the effective plastic strain. 
for thickness of sheet 0,8 mm. Graphical representation of hardening functions is given in Fig. 3 . Function 1 ((Eq. (6)) is represented with the dotted line, Function 2 ((Eq. (7)) with the dashed line and Function 3 ((Eq. (8)) using the continuous line.
STRESS INTEGRATION ALGORITHM
The stress integration procedure for large-strain plasticity theory is implemented into the PAK software for structural analysis [9] . The basic assumption in the largestrain theory is that the total strain gradient 0 t t   F is expressed using Jacobian matrices J as:
and multiplicative decomposition as: 
The isotropic plasticity von Mises material model is used. Computational steps [9, 14] for stress integration of isotropic material are given in Tab. 4  is yield stress. In all equations the deformed configuration at the beginning of the time step is marked by t, the deformed configuration at the end of the time step by t + Δt and the stress-free configuration by τ. (det ) where
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FE MODEL DESCRIPTION
Two test specimens of thickness 0,8 mm and length 45mm are welded with an overlap. A geometrical and material nonlinear FEM analysis of welded joint is considered using the large-strain von Mises plasticity constitutive model implemented into the PAK software [9] . The diameter of the welded joint is 6 mm. The geometry of the modeled specimen is given in Fig. 4 . 
RESULTS
After estimation of the mechanical characteristics of steel sheet and the optimal parameters of welding, overlapping joints were examined during the uniaxial tension test. The scheme of experiments is given in Fig. 6 . The measured dimensions (Fig. 7) of the deformed specimen after the experiment are given in Tab. 5. Figure 6 The scheme of tension test Figure 7 Measured dimensions of the specimen before and after the experiment Comparative analysis of force-displacement dependency is given together with the numerical results in Fig. 8 . The results obtained using the PAK software are presented with the dashed line and the experimental results with the continuous line. For the simulation of the failure behavior, after the elongation of 6,5mm, it is necessary to implement failure criteria into the algorithm. One of the possibilities suggested for the future work is a phase-field model for ductile fracture related to the plasticity model [15] . Figure 8 Force -displacement diagram for the spot welded joint Figure 9 Deformed shape of welded joint obtained in experimental test Figure 10 Numerical results for the field of effective stress in the 65th step (displacement of the loaded edge is Δu=6.5mm) Figure 11 Numerical results for the field of plastic strain in the 65th step (displacement of the loaded edge is Δu=6.5mm)
The boundary conditions given in Fig. 5 are prescribed to realistically simulate experimental investigation. The deformed state of the test specimen is given in Fig. 9 . The deformed configuration of FE model, and the field of effective stress and effective plastic strain are given in Fig.  10 and 11 . It can be noticed that deformed configuration is well predicted.
CONCLUSIONS
The obtained results provide a reliable prediction of crack behavior in HAZ and WZ. Comparison of the forcedisplacement results for the FE modeling and experiments tests verifies that the large-strain plasticity algorithm implemented into the in-house FEM software is a valuable tool for simulation of SW joints. The obtained results are crucial for further investigation of welded joints: failure behavior using a phase-field model for ductile fracture, behavior under the fatigue loading, and structural life assessment.
